Background-Embryonic stem (ES) cells are capable of self-renewal and differentiation into cellular derivatives of all 3 germ layers. In appropriate culture conditions, ES cells can differentiate into specialized cells, including cardiac myocytes, but the efficiency is typically low and the process is incompletely understood. Methods and Results-We evaluated a chemical library for its potential to induce cardiac differentiation of ES cells in the absence of embryoid body formation. Using ES cells stably transfected with cardiac-specific ␣-cardiac myosin heavy chain (MHC) promoter-driven enhanced green fluorescent protein (EGFP), 880 compounds approved for human use were screened for their ability to induce cardiac differentiation. Treatment with ascorbic acid, also known as vitamin C, markedly increased the number of EGFP-positive cells, which displayed spontaneous and rhythmic contractile activity and stained positively for sarcomeric myosin and ␣-actinin. Furthermore, ascorbic acid induced the expression of cardiac genes, including GATA4, ␣-MHC, and ␤-MHC in untransfected ES cells in a developmentally controlled manner. This effect of ascorbic acid on cardiac differentiation was not mimicked by the other antioxidants such as N-acetylcysteine, Tiron, or vitamin E. Conclusions-Ascorbic acid induces cardiac differentiation in ES cells. This study demonstrates the potential for chemically modifying the cardiac differentiation program of ES cells.
E mbryonic stem (ES) cells derived from the inner cell mass of the preimplantation embryo are capable of self-renewal and differentiation into derivatives of all 3 primary germ layers. ES cells can differentiate into specialized cells, including cardiac myocytes, in vitro by appropriate cultivation. 1 The in vitro differentiation of ES cells into cardiac myocytes provides unique opportunities to study the development of cardiac myocytes. ES cell-derived cardiac myocytes can form stable intra-cardiac grafts, survive in damaged hearts, and improve cardiac function in animal models. 2 The recent availability of human ES cells and the demonstration of the capacity of human ES cells to differentiate into cardiac myocytes not only enable the study of the development of human cardiac myocytes, but also suggest the potential use of ES cell-derived cardiac myocytes for therapy. 3 Recent advances in biotechnology such as high-throughput screening enable systematic evaluation of large chemical libraries for their biological activities. Compound screening has traditionally been used to approach specific drug targets, but this methodology can also be utilized to study poorly understood biological processes, and the broad diversity of a chemical library can be exploited to identify unique molecular pathways. 4 Here we report the results of screening a broad range of compounds to identify agents enhancing cardiac differentiation of ES cells. We screened 880 compounds approved for human use by using ES cells stably transfected with cardiac muscle specific ␣-myosin heavy chain (MHC) promoterdriven enhanced green fluorescent protein (EGFP) as a reporter. Treatment of ES cells with ascorbic acid markedly increased the rate of differentiation into beating cardiac myocytes without forming embryoid bodies (EBs). This result suggests a novel role of ascorbic acid in cardiac myocyte differentiation and presents a simple and effective strategy for enhancing spontaneous differentiation of ES cells into cardiac myocytes.
Methods

Cells
CGR8 ES cells, kindly provided by Hitoshi Niwa (Osaka University, Japan), were cultured without feeder cells in Glasgow Minimum Essential Medium supplemented with pyruvate, non-essential amino acids, ␤-mercaptoethanol, 10% ES cell-qualified fetal bovine serum, and leukemia inhibitory factor (LIF). 5 At day 0 of induction of differentiation, adherent cells were enzymatically dissociated using 0.25% trypsin and 0.05% EDTA. For induction without EB formation, cells were seeded at a density of 7000 cells/cm 2 in 0.1% gelatin-coated cell culture plates with medium without LIF, and for induction with EB formation, EBs were formed in hanging drops of 400 cells in 20 L of medium without LIF. After 5 days, EBs were plated on gelatin-coated dishes and cultured for 5 days. For some experiments, the medium contained 25 mmol/L HEPES, pH 7.4.
Plasmid Construction and Stable Transfection
The 5.5 k bp fragment of the ␣MHC promoter, 6 kindly provided by Jeffrey Robbins (Children's Hospital Research Foundation, Cincinnati, Ohio), was subcloned into the SacI/SalI sites of pEGFP-1 (Clontech). After linearization, the plasmid was transfected into CGR8 ES cells with Fugene6 (Roche). The transfected ES cells were selected for 10 days using 200 g/mL G418, and neomycin-resistant clones showing bright fluorescence matching beating areas were further selected.
Compound Library and Screening
The compound library named "The FDA2000 Drug Library" 4 was used for screening. From the database containing information on US Food and Drug Administration-approved drugs, including drug indications, contraindications, chemical formulae, and mechanism of action, approximately 15 000 drugs were identified on the market, and 1345 were recognized as unique chemical entities. This library contains a drug repository of 880 of these bioactive compounds approved for human use. 4 For screening, ES cells seeded at a density of 2000 cells/well in 96 well plates were treated with compounds at a final concentration of 10 Ϫ5 mol/L, and the medium containing chemicals was changed every second day. The expression of EGFP was assessed with daily microscopic observation.
Preparation of Single Cells
For the experiments using single cells, cells were dissected and isolated by enzymatic dispersion using 0.8 mg/mL collagenase type 2 (Worthington Biochemical Corporation) in Hanks' Balanced Salt Solution. The dissociated cells were plated onto fibronectin-coated glass coverslips or used for flow cytometry analysis.
Immunohistochemical Staining
Cells were stained with the primary antibody against sarcomeric myosin, MF20 (Developmental Studies Hybridoma Bank), or ␣-actinin, EA-53 (Sigma), with Alexa Fluor 568-conjugated antimouse IgG antibody (Molecular Probes) as a secondary antibody. Nuclear staining was performed with Hoechst 33342.
Quantitative Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from ES cells and analyzed by kinetic real time-polymerase chain reaction (PCR) using the Light Cycler system (Roche) with RNA Master SYBRGreen I Kit for relative quantification of ␣-MHC, ␤-MHC, and GATA4. The transcript for ␤-tubulin was used for internal normalization.
Semiquantitative Reverse Transcription-PCR
Semiquantitative reverse transcription (RT)-PCR for GATA4, Nkx2.5, ␣-MHC, ␤-MHC, atrial natriuretic factor (ANF), Tie-2, and ␤-tubulin was performed using standard procedures. First strand cDNA was synthesized, serially diluted 1:2, and analyzed.
Primers used were (5Ј to 3Ј) GATA4: CTCGATATGTTTGAT-GACTTCT (forward), CGTTTTCTGGTTTGAATCCC (reverse); Nkx2.5: AGCAACTTCGTGAACTTTG (forward), CCGGTC-CTAGTGTGGA (reverse); ␣-MHC: ACCGTGGACTACAACAT (forward), CTTTCGCTCGTTGGGA (reverse); ␤-MHC: AC-CCCTACGATTATGCG (forward), GTGACGTACTCGTTGCC (reverse); ANF: GGGGGTAGGATTGACAGGAT (forward), CA-GAGTGGGAGAGGCAAGAC (reverse); Tie-2: TCTGGGTGGC-CACTACCTAC (forward), CATCCCCAAAGTAAGGCTCA (reverse); and ␤-tubulin: CTGGGCTAAAGGCCAC (forward), AGACACTTTGGGCGAG (reverse).
Immunoblot Analysis
The cells were lysed in modified radioimmunoprecipitation buffer containing protease and phosphatase inhibitors, and the protein concentration in the supernatant was determined using a Bio-Rad protein assay. Samples were subjected to 7.5% SDS-polyacrylamide gel electrophoresis, and the separated proteins were electrophoretically transferred to polyvinylidene difluoride membranes (Perkin Elmer Life Sciences). Blots were incubated with the primary antibody against sarcomeric myosin, MF20, or ␣-actinin, EA-53, and the primary antibodies were detected using horseradish peroxidaselabeled donkey anti-mouse immunoglobulin G, followed by enhanced chemiluminescence (Perkin Elmer Life Sciences).
Statistical Analysis
All experiments were performed at least 3 times, and data were expressed as meanϮstandard deviation and analyzed by Student's t test or 1-way ANOVA with post hoc analysis. A value of PϽ0.05 was considered statistically significant.
Results
Compound Screening
To screen a large number of compounds for their ability to induce cardiac differentiation, we first established ES cell clones that expressed EGFP under the transcriptional control of a cardiac-specific promoter. Because ␣-MHC is among cardiac-specific genes detectable early in the developing heart in vivo and is specific for cardiac myocytes in differentiating ES cells, 1,6,7 the ␣-MHC promoter was chosen to drive EGFP expression. When differentiation was induced through the hanging drop method of EB formation, spontaneously contracting cell clusters developed within EB outgrowths at 7 days (attached culture for 2 days after 5 days hanging drop suspension culture). During all stages of differentiation, strong green fluorescence was exclusively detected in these beating areas, whereas fluorescence was undetectable in undifferentiated ES cells (data not shown). EGFP expression was strongly correlated with staining against sarcomeric myosin or ␣-actinin (data not shown).
In vitro ES cell differentiation usually requires the formation of EB cell aggregates, a process suboptimal for highthroughput screening. In this study, we used monolayer cultures of ES cells without EB formation to reduce background differentiation and enable high-throughput screening. Undifferentiated ES cells were seeded in 96 well plates at a density of 2000 cells/well and treated with compounds at a final concentration of 10 Ϫ5 mol/L. Differentiation of cells into cardiac myocytes was monitored by daily fluorescent microscopic observation. The only compound found to reproducibly induce differentiation was ascorbic acid (Figure 1 ). After cells were treated with various concentrations of ascorbic acid for 12 days, fluorescent microscopic analysis revealed that ascorbic acid significantly increased the number of cells expressing EGFP ( Figure 1A) . When cells were dissociated and the numbers of EGFP-positive and total cells were counted, ascorbic acid increased the proportion of EGFPpositive cells in a dose-dependent manner ( Figure 1B) , which was confirmed by flow cytometry analysis (data not shown). Although the background rate of EGFP-expressing cells varied, ascorbic acid reproducibly increased the number of EGFP-positive cells. The effect of ascorbic acid to induce cardiac differentiation was validated in 2 independent stably transfected clones, showing that the effect of ascorbic acid was not specific to a particular stably transfected clone. Because extracellular pH may influence cellular functions such as proliferation and differentiation, 8, 9 HEPES-buffered medium was used in some experiments to abolish the change in pH by addition of ascorbic acid. No difference in ES cell differentiation was noted between the medium with or without HEPES buffer (data not shown), indicating that the change in pH is not involved in the effect of ascorbic acid on cardiac differentiation. EGFP-positive cells formed foci where cells exhibited spontaneous and rhythmic contractile activity, with adjacent cells beating synchronously. Furthermore, these EGFP-expressing and contracting cells stained positively with antibody against sarcomeric myosin or ␣-actinin, and Hoechst nuclear staining demonstrated a very high cellular density (Figure 2A ). When cells were dissociated and plated at a density sufficient for analysis of individual cells, high power views of sarcomeric ␣-actinin staining revealed developed myofibrillar structure in these EGFPpositive cells ( Figure 2B) . These results indicate that ascorbic acid markedly increases the proportion of EGFP-positive cells, which were cardiac myocytes.
Expression of Cardiac Specific Genes Induced by Ascorbic Acid
The effect of ascorbic acid on the expression of cardiac marker genes was examined by semiquantitative and kinetic real time-PCR in untransfected, naïve CGR8 ES cells. Semiquantitative RT-PCR demonstrated that all cardiac markers tested, such as GATA4, Nkx2.5, ␣-MHC, ␤-MHC, and ANF, were increased by ascorbic acid, whereas the expression of Tie-2, which is expressed almost exclusively in endothelial cells, was not altered by ascorbic acid ( Figure 3A) . These results suggest that ascorbic acid specifically induces cardiac differentiation of ES cells. Furthermore, time course analysis with kinetic PCR revealed that ascorbic acid increased expression of GATA4, ␣-MHC, and ␤-MHC in a timedependent manner ( Figure 3B ). Ascorbic acid-induced GATA4 expression was detected as early as day 4, whereas the induction of MHCs expression was observed at day 8. Both ␣-MHC and ␤-MHC expression reached maximal levels at day 10. Thereafter, the level of ␤-MHC expression declined, whereas ␣-MHC remained at the same level up to day 16.
Because mRNA expression may not reflect protein expression, immunoblot analysis was performed with antibodies Immunostaining with antibodies against sarcomeric myosin and ␣-actinin. A, Cells were treated with or without 10 Ϫ4 mol/L ascorbic acid for 12 days and stained with the indicated antibodies. B, After treatment with or without 10 Ϫ4 mol/L ascorbic acid for 12 days, cells were dissociated, re-plated on glass coverslips, and stained with anti-␣actinin antibody.
against sarcomeric myosin and ␣-actinin. As shown in Figure  4 , treatment of ascorbic acid increased the expression of these proteins in a dose-dependent manner in untransfected ES cells. These results demonstrate that ascorbic acid induces cardiac differentiation in ES cells.
Effect of Antioxidants on Expression of MHCs
Because the effects of ascorbic acid are often attributed to its antioxidative properties, the effect of other antioxidants such as N-acetylcysteine, 4,5-dihydroxy-1,3-benzene-disulfonic acid (Tiron), and vitamin E on MHC expression was analyzed to assess the involvement of the antioxidative effect of ascorbic acid in the promotion of cardiac differentiation. Treatment with alternative antioxidative agents was unable to mimic the ascorbic acid effects on the expression of ␣-MHC and ␤-MHC ( Figure 5 ). These results suggest that the promoting effect of ascorbic acid on cardiac differentiation is independent of its antioxidative property.
Discussion
In vitro ES cell differentiation into cardiac myocytes is a unique system that not only has provided opportunities to study cardiac myocyte differentiation, but also has therapeutic potential. Whereas genetic studies have identified genes involved in early cardiogenesis, 1,10 we hypothesized that a functional cell-based screening assay would be a powerful tool, because this would allow identification of novel compounds that affect this incompletely understood process. In the present study, using ES cell clones stably transfected with cardiac-specific promoter-driven EGFP, we screened 880 compounds approved for human use. EGFP was chosen as a reporter because it can be monitored in living cells without disrupting them. Treatment of ascorbic acid markedly increased the proportion of EGFP-positive cells, which were cardiac myocytes, as they showed spontaneous and rhythmic contraction and stained positively for cardiac sarcomeric proteins.
Because stable transfected clones have a transgene in their genome, and selected using G418, their characteristics may differ from wild-type ES cells. However, two clones of stable transfectants showed no difference in regard to differentiation. Furthermore, gene expression experiments in untransfected parental ES cells revealed that ascorbic acid markedly augmented the expression of cardiac markers, including GATA4, Nkx2.5, ␣-MHC, ␤-MHC, and ANF, but not the noncardiac markers Tie-2 and ␤-tubulin. These results show that treatment of ascorbic acid enhances cardiac differentiation of ES cells. ES cell-derived cardiomyocytes expressed cardiac genes in a developmentally controlled manner. In early myocardial development, GATA-4 and Nkx2.5 transcription factors appear before the expression of other cardiac genes. Kinetic PCR analysis revealed that cardiac differentiation induced by ascorbic acid recapitulated this developmental pattern, as GATA4 was detected earlier than cardiac MHCs. The expression of ␤-MHC declined after peaking at day 10, whereas ␣-MHC expression remained stable up to day 16. This difference in expression pattern is consistent with the known ␤ to ␣ transition in MHC isoform expression during ES cell differentiation through EB formation and murine cardiac development in vivo. 7, 11 Ascorbic acid is a water-soluble vitamin that acts as a cofactor in many biological reactions. 12 The effects of ascorbic acid are often attributed to its antioxidative properties. In ES cell differentiation, however, it has been shown that antioxidants inhibit ES cell differentiation into cardiac myocytes, whereas H 2 O 2 or radical-generating menadione enhances cardiogenesis. 13 Further, our results, which show the inability of alternative antioxidative agents such as NAC, Tiron, and vitamin E to mimic the ascorbic acid effect on MHC expression, suggest that the effect of ascorbic acid on cardiac differentiation is independent of its antioxidative property, or that its antioxidative effect is insufficient to induce cardiac differentiation of ES cells. Ascorbic acid treatment has also been implicated in direct or indirect gene expression and can promote osteogenic differentiation in mesenchymal stem cells. 12 When cardiac differentiation was induced through the formation of EBs, there was no significant effect of ascorbic acid on the differentiation into cardiac myocytes (data not shown). These results suggest that ascorbic acid induces permissive changes that occur during the formation of EBs, rather than induction of autonomous commitment of ES cells to cardiac myocytes. Further studies are needed to elucidate the mechanisms involved in this effect of ascorbic acid.
Our screen for compounds revealed that simple supplementation of ascorbic acid can enhance the yield of cardiac myocytes from ES cells, and this effect was not dependent on the scale of the culture, as a similar induction by ascorbic acid was seen on larger dishes (data not shown). This suggests that treatment of ES cells with ascorbic acid might facilitate the large-scale generation of cardiac myocytes, which is one of the major barriers for the possible use of ES cell-derived cardiac myocytes.
In conclusion, our data demonstrate that a screening system can be used to identify a chemical that induces cardiac differentiation of ES cells, and ascorbic acid markedly increases the efficiency of cardiac differentiation. These findings may contribute to efficient production of cardiac myocytes from ES cell culture for many applications and raise interesting questions about the role of ascorbic acid in cardiogenesis. Figure 5 . Cells were treated with or without 10 Ϫ4 mol/L ascorbic acid, 10 Ϫ3 mol/L NAC, 10 Ϫ5 mol/L Tiron, or 10 Ϫ4 mol/L vitamin E for 12 days. The expression of ␣-MHC and ␤-MHC was examined with kinetic PCR, and the results were expressed as relative expression to ␤-tubulin and plotted as percentages of the maximum. *PϽ0.05 versus control.
